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Created in 1849, the Department of the Interior–America’s

Department of Natural Resources–is concerned with the manage-

ment, conservation, and development of the Nation’s water, wildlife,

mineral, forest, and park recreational resources. It also has maior

responsibilities for Indian and Territorial affairs.

As the Nation’s principal conservation agency, the Department

of the Interior works to assure that nonrenewable resources are

developed and used wisely, that park and recreational resources

are conserved for the future, and that renewable resources make

their full contribution to the progress, prosperity, and security of

the United States—now and in the future.

FOREWORD

This is one of a continuing series of reports designed to present

accounts of progress in saline water conversion and the economics of

its application. Such data are expected to contribute to the long-range

development of economical processes applicable to low-cost demineraliza-

tion of sea and other saline water.

Except for minor editing, the data herein are as contained in a report

submitted by the contractor. The data and conclusions given in the report

are essentially those of the contractor and are not necessarily endorsed by

the Department of the Interior.
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STATEMENT OF THE PROBLEM

The treatment and purification of water poses a difficult and

serious problem. In order to solve such problems, a knowledge of the

ionic and intermolecular forces at play it-i aqueous solutions is of fun-

damental importance. The present study focuses attention on the nuclear

Illagnetic resonance of the fluoride ion in aqueous solutions. The F19

chemical shifts of KF , RbF and CSF are mzasured as a function of

temperature ant! concentration. It was initially sui-mised that such a

study would lead to a better understanding of (1) the nature of ionic

hydrates and (2) the equilibrium between the water and the ionic hy-

drates.
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ABSTRACT

This investigation is a study of ti-,e natural forces between water

molecules and ions by the technique of nucldar magnetic resonance (NMR).

The fluoride ion was chosen as the abject OF study because it produces

an accurate NMR spectrum. Effects of temperature and concentration on

the F]g chemical shift of aqueous solutions of KF , RbF and CSF

are measured.

In the course of this work a new and accurate technique for making

bulk-susceptibility corrections was developed. The technique involves

the use of coaxial

bands which result

field are found to

sample cells. The area and frequency of the side

when the coaxial cells are rotated in the magnetic

be related to the bulk susceptibilities of the sample

and external standard. This technique is of general interest to anyone

requiring bulk-susceptibility data. Details of this work have been pub-

lished in the Journal of Chemical Physics, ~, 4355 (1966).

Because F19 shifts

techniques for referent

perature calibration, bi

are strongly dependent on temperature, special

ng the shifts were developed. A method of tem-

sed on heteronuclear double resonance, was suc-

19
cessfully developed. This method consists of irradiating the F nuclei

of paradif luorobenzcne while observing the H’ resonance. From such ex-

19
periments the F shifts are referenced with respect to the H’ reson-

ance of gaseous ethane which does not vary ~’ith temperature. This work

has been published in the Journal of Chemical Physics, ~, 156o (1967).

Plots of F19 shifts versus molality, at a given temperature, for



the various salts (KF ,

finite dilution. This c

dependently from the cat

varies with temperature,

x

RbF and CSF) converge to a common point at in-

early indicates that the fluoride ion behaves in-

on at infinite dilution. The common intercept

moving to higher field with increasing temp-

erature, This sensitivity to temperature could be the result of either

the hydrated fluoride ion being promoted to a higher vibrational energy

level or the breakdown of hydrogen bonds of water in the secondary layer,

or, possibly, a combination of both of these effects.

At concentrations below four molal all salts exhibit a non-linear de-

19
crease in F chemical shift with increasing mo’lality. The non-linearity

Is explained on the basis of the formation of aquo- ion pairs, according to

the equilibrium:

M+(H20)X + F-(H O) ~ M+ F-(H O)
2 yr———— 2 X+y-1

+ H20

From the shift data, equilibriurrl constants are calculated, from which Ati

of the reaction is obtained. The resulting AH is shown to be in general

agreement with partial molar heat contents derived from heats of dilution

measurements.
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Bulk Ma~etic Susceptibilitie~ Determined from—...-—.————— .“— —.—.
--inninq Side Bands uslnq Cfiaxizl Cells.,— —..

In high resolution NMR spectra prominent spinning side bands are ob-

served for the material in the annular region of a coaxial sample cell.

It is generally believed that these side bands arise because of imperfect-

ions in the glass cells and inhomogeneity of the applied magnetic field.

We contend that the observed side bands are a property of the geometry of

the coaxial system. Side bands would still be observed even if the co-

axial cells were free from all imp~r”fections and the applied magnetic

field were homogeneous. We would also like to point out that this phenome-

non can be used to test the field-modulation theory developed by Will iams

1
and Gutows.ky. Prelinlinary measurements c!early indicate that the correct

interpretation may be used to determine the bulk susceptibility of liquids

and gases.

The magnetic field Ha in the annular region for a coaxial cell is

a function of the applied field, Ho ; the voluma magnetic susceptibilities

of the material in the central tube, the material in the annular region, the

glass and the surrounding air, Xc , Xa , Xg and Xair , I

inner and outer radii of the inner glass tube, a and b

and the polar coordinates r and G (e = O is the direct

field). Namei y,
2,3

Ha =<H>+ AHa COS ?.0
a

espcc.tively; the

respectively;

on of the applied

(1)

Whqre < H > z [1 - 2n(xa - Xair)]Ho and Atla “ [a2(xL - Xg)
a

+ b2(xg - xa)]2nHo/r2 .
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Zimmerman and Foster2 argue that a molecu

spinning coaxial system .experiences an ef

equivalent to averaging equation (1) over

e in the

ective f

0,

annular region of a

eld < H > . This is
a

In the coaxial system the effect of spinning causes the individual

molecules in the annular region to experience an oscillatory field as des-

cribed by equation (1). An oscillatory field produces side bands’ at

+
v - nv , where v

o m
is the fundamental

o

of the oscillatory field and n isl,2,

l-r, the separation between two adjacent s

where V5 is the spinning frequency. In

esonance Vs is the frequency
m

. . . . Since Ha is periodic in

de bands should be v = 2 V5 ,
m

our laboratory

served. The sample spinning frequency was measured with

$trobotac driven by a Hewlett-Packard 200 CDR wide-range

this has been

a General Rad

oscillator. “

ob-

0

he

driving frequency was counted within : 0.1 cps with a Hewlett-Packard 523

llR Electronic Counter. The side-band separation for various substances

was recorded with a Varian Associate A60A spectrometer operating at

60 Me/see. In each case the separation between neighboring side bands

was twice the spinner frequency as predicted.

Equation (1) indicates that the magnitude of the field variation de-

pends upon the magnetic susceptibilities of the subs-

the annular region is sufficiently narrow an average

used and the Will iam-Gutowsky theory’ for field modu

directly. According to this theory the intensity II

antes involved. If

value of r may be

ation can be applied

of the n-th order
n

side band is directly proportional to J; (k) , where J
n

is the n-th

order Bessel function of the first kind and the argument k = yti/2nv
m“

H is the maximum amplitude and v“, the frequency of the fieId modula-

tion. For the field described by equation (1)

yAH

k=~q (2)
s
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This argument indicates that side-band intensities can be used to de-

termine a unique value of

can then be used to calcu’

be obtained.

Many different techn

k for a given spinning

ate AHa , from which bu

ques can be used to obta

frequency. Equation (2)

k susceptibilities can

nk. One simple

method, for example, is to adjust the spinner frequency so that the inten-

sity of the fundamental band exactly equals the intensity of the first side

band, i.e. I. = 1, and thus J: (k) ‘J; (k) . An examination of tables

of Bessel functions reveals several values of k which obey this equation.

From these values the correct value of k is chosen by considering the

relative intensities of the higher-order side hands. We have studied two

systems at 42°C, each with 1,2-dibromoethane in the annular region. The

central tube contained acetone in system (1) and carbon tetrachloridc in

system (2). Under the conditions described above, we found k = 1.4347

from tables of Bessel functions.

cells had to be adjusted to 36.9

respectively. From the data and

To test this method we ca

cells by applying the def

dimensions of the coaxial

The spinning frequencies of tlhe coaxial

cps and 2.0.5 cps for systems (1) and (2),

equation (2) , we obtained values for AHa ,

culated the bulk susceptibi

ning equation for Al-l and
a

4
system and bulk susceptibi

ity of the glass

known values for the

ities of the sub-

the glass to be

and (2) respect

obtain the bulk

stances employed. We found the bulk susceptibility of

-0.817x10-6 emu -O.8I8X1O
-6

and emu for systems (1)

This agreement verifies the interpretation. One could

ceptibil ities of liquids and gases after such calibration of the cells

This work has been published in the Journal of Chemical Physics.
5

This technique has been used for determining the temperature depend-

19
ence of F shifts as described in the following section.

vely.

sus-

1
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Reference Stanclard for StudLies Involvinq——— —--

IHI!P&rature DePend’nGc Of ‘F chemical s-

The most desirable reference standard for measuring
19

F chemical

shifts as a function of temperature should have the following properties:

(a) the reference should have a sharp signal, (b) the position of the

reference signal should be independent of temperature and (c) the refer-

ence compound must be a 1 iquid over the temperature range, O to 100°C.

Unfortunately, no compound having all three properties was found. For

this reason the requirement of a reference signal which is independent of

temperature was relaxed and the sharp triplet of 1,2-d ichlorohexafluoro- 1-

cyclopentene and, in some cases, the singlet of hexafluorobenzene were used

as external referent.cs.

Studies involving F
19

chemical shifts as a function of temperature

are subject to uncertainty if the temperature variation of the referen~e

signal has not been established. To date,
6 19

investigator using F reso-,

nance have recognized, but have not accounted for such possible variations.

We have developed a heteronuclear double resonance technique for measuriricj

the IIternperature-dependent shift” of the
Flg

quintet of p-d ifluoroberrzene.

The temperature-dependent shift of other standards, such as hexafluoroben-

zene, can easily be determined from this information when used in conjunc-

tion with conventional external standard chemical shifts.

Our methc~cl is based upon the measurements and calculat

Petrakis and Sederholm.
7

These workers have shown that the

of gaseous ethane does not vary with temperature in the reg

on5 of

proton shift

on from 25 to

loo”c. Similar calculations performed in our laboratory indicate that

gaseous fluorine compounds may exhibit sizable temperature-dependent shifts

and therefore fluorine gases are not reliable standards, Our method requires
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two experimental steps: (1) the chemical shift of the proton triplet of

p-difluorobenzene relative to gas~ous e~hane is detet-mined using coaxial

sample cells; and (2) the signal separation between the proton triplet

and the fluorine quintet of p-difluorobenzene is measured by heteronuclear

double resonance, This information allows us to calculate the temperature-

dependent shift of the fluorine quintet.

For p-difluorobenzcne the fluorine temperature-dependent shift is re-

lated to the proton temperature-dependent shift by the equation8

6;(T) = 1 - (UT/fT) (fO/vO) [1 - ~;(T)].

in thi5 expression b~(l-) = bH(T) - 6,1(0] , where 6H(T)

the proton shifts measured relative to gaseous ethanc at

and O*C , respectively, In other words,

temperature T relative to that at OOL’ .

shift at temperature T relative to the f

and
‘T

are the fluorine and proton irrad

5:(T) i5 the

(3)

and 6H(0) are

temperature T

proton shift at

Similarly,
$

is the fluorine

uorine >ignal at O°C. Also,
‘T

sting frequencie~, respectively,

necessary to resonate the proton and fluorine nuclei simultaneously at a

given magnetic field strength, at temperature T . Since the 1{1
19

and F

nuclei of p-difluorobenzene are magnetically coupled these frequencies are

measurable by heteronuclear double resonance. Our procedure for the de-

8
coupling experiment was the same as that. of Paul and Grant wi;.h one ex-

ception, The magnitude of the proton irradiating frequency was kept below

that necessary for complete decoupling of the f}uorinc quintet. This modi-

fied procedure allows us to determine the exact decoupling frequency by in-

spection of the assymetry of the perturbed fluorine pattern.
9

~

C. P, grade ethane (The Matheson Co.) at approxitr,ately 8 atm pressure
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4
was. sealed in the central tube of a Wilmad coaxial cell sy5tem. The

annular region was filled with p--d ifluorobenzenc, sLippl ied by the Pierce

Chemical Co, The F
19 1

and H shifts were mcasurec! with Varian DP-60

and A60A spectrometers operating at 56,4 me/s and 60 me/s, respectively.

Bulk magnetic susceptibilities were determined using the spinning side-

band technique,> and the shifts were corrected for bulk susceptibility

differences. The corrected shifts, 6;(T) , are shown in column 2 of

Table 1. The second irradiating frequency for the double resonance ex-

periment was generated by an NMR Specialties SD60 tlcteronLlclear Spin De-

coupler equipped with frequency lock. All fr~qLl~[l~i~s WCI’C counted with

a Hewlett-Packard .5245L Electronic Counter. The ratios fT/vT al-e listed

in column 3 of Table 1. The fourth column contains the values of 6;(T)

calculated from the equation above.

The determination of the. temperature-dependent Shifts provides exprri-

~19 ~tL,die5 tl,at
mental ists with the opportunity to conduct meaningful

involve variable temperatLlres. Thz technique dc5cribcd here is applicable

in general to other nuclei that exhibit coupling with protons.

We are greatly indebted to the Btll Telephone Laboratories, Inc., for

the ust of their heteronuclear decoupling apparatus, and to Ernest Anderson

for valuable assistance in performing the decoupling experiments,
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TABLE I : CHEMICAL SHIFTS OF p-.DlFLUOROBENZENE AS A FUNCTION

OF TEMPERATURE

—.--.-,--———.—. ——.....—— .—.—--—. .- —-.———— ..— -.—-—. —.—.—. .

Temperature (°C) b~(l”) (ppm) fT/vT 6;(T) (ppm)

—— — ———

5 + 0.021 1.063006384 + 0.001

0 0.000

10 - 0.032

.063006407 0.000

.063006454 -t 0.013

25 - 0.066 1.063006525 + o.o46

40 - 0.091 1.063006596 + 0.087

55 - 0.112 1.063006666 + 0.!32

70 - 0.131 1.063006737 + o.I8o

85 - 0.1L3 1.063006808 + 0.235

100 - 0.142 1.063006878 + 0.302

—— .—

Error on each -1-
.013 ~1.5xlo

-8
Entry

~ 0.020

—...-_ -—.——.—-—.— -——— —.——. —.——.—..
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Preparation of Aqueous Solutions— —.. ——.. “..——

Preparation of aqueous solutions 01 KF having a concentration ac-

+
curacy of -0.1% is quite difficult since KF is extremely hydroscopic.

We investigated several preparative techniques and adopted the one based

on density data, as dcscribcd below.

A nearly saturated solution of

Reagent Grade) was preprired using d

entire hatch was filtered to remove

luted to a cancent’ratioll falling wi

anhydrous KF (Bzkcr & Adamoa,.

stilled, deicilized water. P,ftcr the

insoluble residue, an ~liquot was r.ii-

hin the range of density versus con-

centration data repnrteci in tile Intel-natiotlzl r.ritical Tables. The density

of the diluted al iquot was measured and tlIc concentration of the stock solu-

tion was determined by calculation.

Accurate density versus concentration data is not availab

and CSF, therefore, stock solutions were prepared by weight.

RbF and CSF- are riot greatly hydroscopic. A vacuum dried, WI

e for RbF

Fortunately

ighed aillount

of salt (K and K Laboratories, 99.9% pure) was added to a sufficient quan-

tity of distilled dionized water in a preweighed flask to give a nearly

saturated solution. The solution was then filtered through a prews

filter and filter paper (Coors 27H, Mil lipore 1.2p,) to relnove inso’

residue. The empty flask and filtering apparatus were vacuum dried

weighed and the weight of salt corrected for the amounts of residue.

ghed

uble

and

FOI- chemical shift measurements dilutions of the KF , Rt)F , and Cs:

stock solutions were prepared by weight,

Reference Standards_-—_____

He-xafluorobenzcnc, p-d ifluoro!~enzene (both from the Pierce Organic

Chemical Co.) and 1,2 dichlorohexaflu~rocyclo!~cntene- 1 (Columbia Organic

Chemical Co.) were used as reference standards during different stages of
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this investigation. These compounds exhibited no detectable impurities in

the NHR spectra, and gas .chromatography indicated that any impurity was

much less than 0.1%.

~aration of Sarryle Cells—--
for NMR Measurelnents

To eliminate spurious results caused by the use of internal standards,

4
external standards were used in conjunction with coaxial sample cell systems.

A very small amount of reference standard was permanently sealed in the an-

nular portion of a coaxial system by fusing the glass cells. With the refer-

ence compound sealed in the annular region several advantages accrue:

1, The usable tcnlperaturc range of the reference compound

is increased by at least 20°C (both hexafluGrobenzene

and 1 ,2-d ichlorohexaf luorncyc Iopentene,-1 boil below

1Oo”c) .

2. The inner cell is easily cleaned and filled using a

syringe and a long Teflon needle. One need not fear

contaminating the standard.

Modifications of the NMR Spectrometer— . .. .. . ——

In order to study the cation effect on the fluoride ion by nuclear re-

19
sonance it is desirable to measure the F shifts of the alkali metal

fluorides as a funct

Survey mea5urement5

for CSF solutions.

in the power supply,

on of concentration over the entire volubility range.

ndicated a surprisingly wide range of chemical shifts

To obtain accurate measurements we made improvements

stabilizing loop and radio-frequency unit of the DP60

spectrometer. The autotransformer that controls the voltage applied to

the magnet coils was replaced by a transformer with a higher current rating.

Other improvements, such as replacing aged component, were also made. With
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these modifications the field was made sufficien~ly stable. In order to

19
measure F shifts of ,CSF solutions which scan a range of 25 ppm we

decided to modify the radio-frequency generator according to the method

10
of Alexakos and Cornwell. This modification allows chemical shifts over

the range of 4 to 1300 ppm to be measured by the sideband technique. An

added benefit is that the primary reference standard can be chosen from a

large class of compounds. That is, the signal o

need not I ie close to the fluoride ion resonance,

vantage of the greatly increased signal-to-noise

the reference standard

In fact, to take ad-

ratio of the calibration

sideband we now use hexafluorobenzene as the prinlary standard instead of

1,2-d ic.hlorohexaf luorocyclopcntene- 1.

An SCR proportional temperature. controller was built for the DP60

Spectrometer variable temperature probe.
11

With this unit we are able to

maintain any desired temperature between -600C and 150°C within ‘O,l°C.

The circuit diagram i5 reproduced in Figure 1.

Bulk-P@net ic-Su~ce~tibil ity Correction F-actors“—..—— ,— ——. —.

Since external reference standards were used in a concentric cylin-

drical sample cell system, it was necessary to apply a ~orrection to the

observed chemical

ity of the sample

shift due to the difference in bulk magnetic susceptibil-

12
and reference, namely,

6 _L 6
corrected observed + * ‘\,ref - \,,)

‘n ‘hi’ ‘quat ion) %,ref and <,s are} ‘e’pective’y> ‘he

ceptibility per unit volume of the reference and the sample.

correction necessary for concentric spherical sample tubes].

(4)

magnetic su5-

(There is no
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To obtain the

ture values, exper

developed in this

a previous Section

quantity (\,ref - \ s) without resorting to liters
s

mental techniques employing the NMR spectrometer were

aboratory. A rigorous theoretical treatment outlined n

forms the basis for these techniques. The spinning side-

band technique previously described was used to obtain values of
%, ref

and %,s
during the latter part of this investigation, Both the spinner

design and spinner airflow system had to be modified to control the spinning

frequerrcy within ~C.1 cps. The air flow rate was controlled using a car-

tesian diver pressure regulator (Manostat Corporation, Model #8).

The non-spinn

during the earlier

ence in the annula

2,3
ng cell technique was used to determine

‘L, ref - \,5)

phases of this woi-k. The resonance signal of the refer-

rcgion of a non~pinning coaxial cell system takes the

shape of a camel hump. The frequencies of the low- and high-field humps,

designated v and v
m i n

obey the fol lowing expression:
max ‘

Here %5 t Xg * and x are the
r

glass, and reference, respective

(5)

volume susceptibilities of the sample,

Y; c is the inner radius of the outer

glass tube; and a and b refer to the inner and outer radii of the inner

glass tube.

If the sample region is evacuated, the resonance signal of the re-

ference will ag~in take the fol-m of a camel hump. We may write

(6)



Subtracting equations (6) from (5), wc find

2

A-A’ = 4n~-x
~2 s (7)

$incc the distances a and c are easily m~~s~rab]e, ~ can be calculated
s

uniquely after the sign of the quantity inside the magnitude symbols of

equations (5) and (6) are determined by logical reasoning or from appt-oximate

literature values.

13.

I
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Results and Treatmen L of Data——— .—— —

In measuring the fluorine shifts of KF , RbF and CSF the sharp trip-

let of lj2-dichlorohcxafl uoro-l- cyclopentene and, in sonle cases, the singlet

of hexafluorobenzene were used as external references. Measurements were

conducted over the temperature range from O to 100°C. Buii<- susceptibility

corrections were niade in part util izing the spinning coaxial sample tech-

nique described previously and in part using the stationary sample tech-

nique. All shifts were then rercfel-enc~cl to thr signal of p-difluorobcnzene

at O°C, the temperature shift of p-d ifluoi-obenzene having been determined by

the hetcronuclear spin decoupling technique described earlier (see Table l).

Experimental measui-ements wet-e conducted in such a manner that the

shifts of the fluoride ions of the aqueous solutions could be referenced wi~h

respect to p-d it’luorobenzrrrc at O°C. Since coaxi~l cells were employed, bulk-

susceptibil ity tort-ections were requirecl as stated by Eq. (4). In actual

practice the following equation was used

6(FT-PDBO) = bob#T-HFBT) - &ob5(PDBT-HFBT)

+ 6(PDBT-PDBO) +$[x(PDBO) - X(FT)] (8)

The term 6(FT-PDBo) is the F’g shift of the fluoride ion at temperature T

relative to the fluorine signal of p-difluoroberrzcne (PDB) at O°C. The term

6ob$FT-HFBT) is the experimentally observed shift of the fluoride ion rela-

tive to hcxafluorob~n<cne (HFB); the measurement being conducted at tempera-

ture T with hexafluorobenzene in the annular region. Similarly,

6obs(PDBT-HFBT) is the observed shift of p-difluorobenzene relative to hexa-

fluorobenzcne; t!lc measurement again being conducted at the same temperature

T with hcxafluorobcnzc.nr in the ~nnular region. The term 6(PDBT-PDBo) is
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of p-difluorobdnzene at temperature T

ucs for this term at different tempera-

decoupling experiments dre given in the

the F’g temperature-dependent shif-

relative to the signal at O°C. Va

tures, determined by hctcronuclcar

fourth column of Table 1. The last term on the right-hand side of Eq. (8)

represents the bulk-susceptibility correction factors. The symbol X(PDBO)

is the volume magnetic susceptibility of p-difluorobcnzcne measured at O°C,

whereas x( FT) is the volume magnetic susceptibil ity of the aqueous

fluoride solution at temperature T .

Values for X(PDBO) and X(FT) were determined experimentally with

the NMR spectrometer. As discussed previously, the signal of a sample in

the annular region of a coaxial cell sysiem takes the shape of a camel hump

when the cell remains stationary in the magnetic field, The separation, A ,

between the low-field and high-field humps is related to the climensions and

bulk-susceptibilities of the cell system as shown in Eq. (5). To obtain

X(PDBO) one simply places some standard, such as hexafluorobenzene, in the

annular region and measures A when the inner cell is Completely evacuated

and again when the inner cell contains p-difluorobenzene. Of course both

measurements must be carried out at O°C. Eq. (5) applies to both of these

experiments and upon writing such appropriate expressions one finds that x and
9

Xr can be mathematically eliminated. Consequently, since
‘hacuum=o ‘

c’
X(PDB”) = —. I A(PDBO-HFBO) - A(vacO-HFBO)

4naL [

A much more accurate way of determining A is to study

side-bands” which result when the coaxial system is rotated.

(9)

the “spinning

This method

has been discussed previously. If the spinner frequency is adjusted so that

the intensity of the fundan,ental band exactly equals the intensity of the
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first sicle band then A = 2 k D = 2.8694D, since k = 1.4347 for these con-

ditions. b is the separation, in ppm, between the fundamental band and first

side band. Using this technique we determined that

A(vacO-HFBO) = 4.108 : O.Ol~i ppm

and A(PDBO-HFBO) = -0.376~ 0.010 ppm.

From the dimensions of the cells we found c2/4na2 = 0,]4956. Substituting

these values into Eq. (9) we obtained

~(PDBO) = -o.67I ~ 0.003 ppm.

In order to determine X(FT) we employed an expression analogous to

Eq. (9), namely

A(FT-HFBT) - A(vacT-HFBT)
[

(lo)

At a ccmstant temperature T the value of A(FT-tlFBT) and the value of

A(vacT-HFB1-) were determined either by the nonspinning or spinning sicieband

techniques. The fit-st term in the parentheses signifies the material in the

central tube and the second indicates

In certain experiments 1,2-dich’

used as the external standard. E.xper

the material in the annular region.

orohexafl uorocyclopen tent-l (CFC) was

mental values fol b and A for

various rncasuremcnts are presented in Tables I I,

shifts arc chosen to be positive, downfield ncgat

Using the values given in Tables II through

11, IV and V. Upfielci

ve.

V and Eq. (8) the F
19

shifts, corrcctcd for bulk-susceptibil ity differences and referenced with

respect tcI p-difluorcbenzenc at O°C, were determined for a variety of

aqueous solutions from O to 100°C, A compilation of these results is pre-

sented in Table V1.
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U!”.Q
o

10

25

40

50

55

70

85

100

TABLE I 1: OBSERVED F’g SHIFTS AND SPINNING SIDEBAND

BULK-SUSCEPTIBILITY FACTORS FOR REFERENCE STANDARDS

AS A FUNCTION OF TEMPERATURE

-. - - . -..”- . -. .“ . - 6~~~ (PPm) - --------- - - - -

(PDBT-HFBT~ (PDBT-CFCT) (pD6T-PDBO}. —_

-46.130 5.492 0,000

-46.092 5.493 0.013

-46.035 5.500 0.046

-45.977 5.511 0.087

-45.938 5.518 0.115

-l~5m920 5.523 0.132

-1}5.863 5.537 0.180

-45.805 5.557 0.235

-1+5. 747 5.588 0.302

+ .007 : .006 + .020

------- - A (Pam)’: --------

(vacT-HFBT~ (vacT-CFCT)

4,108

3.980

3.786

3.594

3.460

3.394

3.202

3.010

2,814

4.464

4.326

4*112

3.894

3.754

3.680

3.462

3.250

3.032

+ .016 + .040

;’;
Determined from spinning-sample coaxial-cell technique.
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Molal

Cone.

.174

.530

I . 2[+5

3.280

5,44

8.OO

11.47

14.37

TABLE Ill: OBSERVED F’g SHIF7-S AND NONSPINNING PEAK SEPARATIONS

AS A FUNCTION OF T FOR KF SOLUTIONS

,’r
--- 6~b5(FT-CFCT) in ppm --

O“c 25°C 50°c 1Oo”c
—.

3.400 - - -

3.253 3.843 4.543 6.o59

2.985 3.674 4.417 5.990

2.515 3.356 4.187 5.87I

2.344 3.291 L1. 225 6.079

2.615 3vl~z2 4.342 6.224

3.178 - - 6.735

4.029 4.802 5.707 7.305

------ ‘;A(FT-CFCT) in ppm -------

- .636 - - -

- .641 - .969 -1.131 -1.775

- .748 -1.o65 -1.236 -1.792

- .978 -1.241 -1.457 -1.936

-1.108 -1.396 -1.662 -2.221

-1.346 -1.574 -1.812 -2.348

-1.418 - -2,617

-1.618 -1.843 -2.068 -2.573

: .008 : .017 : .010 + .025 + .030 : .025 + .040 : .118

“All KF solutions were measured relative to CFC using stationary

sample technique for bulk-susceptibil ity corrections.
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TABLE IV: OBSERVED F19 SHIFTS AND NON SPINNING PEAK SEPW\Ali ONS

AS A FUNCTiON OF TEMPERATURE FOR RbF SOLUTIONS

Molal ---
(a)b

~b5(F’”-HFET) in ppm--- ---(a)Aob~(FT-HFBT) in pprn---

Cone.

0.37

0.78.

1.10

1.69

2.21

2.78

4.10

4.40

4.72

5.38

6.12

6.52

6.91

7.50

8.48

9.96

11.72

]1},38

O“c

-48.769

-49.022,

-49.298

-49.821

-50.436

-50.785

-51.178

-51.7ko

-52.647

-53.377

i“ .010

25°c 5o”c

-47.804 -47.o38

-48.053

-48.254 -47.479

-48.45o -47.729

-48,745

-48.986 -48.222

-49.507 -48.764

-49..743 -

-49.974 -49.291

-50.216 -

-49.698

-50.1,.7~

-50.635(b) -50.001

-50.944 -50.340

-51.389 -50.814

-51.904 -51.368

-52.714 -52.197

+ .008 - .008+

O“c

- .989

-1.049

-1.111

-1.269

-1.462

-1.563

-1.621

-1.745

-2.114

+ .042

25°C 50°c.—

-1.219 -1.502

-1.313 .

-1.325 -1.686

-1.416 -1.701

-1.479

-5.82 -1.853

-1.712 -1.973

-1.798

-1.871 -1.978

-1.935

-2.061

-2.013

-1.9~O(b) -2;46

-2,133 -2.196

-2.211 -2.331

-2.326 -2.452

-2.424 -2.582

+ .030 + .027

(a) All RbF solutions were measured relative to HFB. Bulk susceptibility

splittings by stationary sample technique.

(b) The7. ~ Msolution was measured also relative tOCFC:

6(F50-
50

CFC50) = +0.898 ppm, A(F -CFC50) =: -1,465 ppm.
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Molal

Cone.

0.74

1.65

2.82

4.38

6.64

9.15

11.78

17.81

26.5cJ

TABLE V: OBSERVED F’g SHIFTS AND NONSPINN!NG PEAK SEPARATIONS

AT 25°C AND 50°C FOR C5F SOLUTIONS

----__._-__-.--,- 25°C _____+----------

~ob,(F25-HFB25) 6ob, (F25-CFC25)
.—— —...—_

i n ppm

2.7I6

-50.006

0.148

-53.184

-4.070

-6.725

-61.346 -9.716

-67.869

-76.053

-!- .0.24 + .0.20

------------ 25°C . - ----- -----

A(F25-HFB25) A(F25-CFC25)
—— —.

in pprn

-0.904

-1.533

-1.087

-1.988

-1 .9L}o

-2.090

-2.7f% -2.5I6

-3.184

-3.618

+ .041 f .030

..-.— ———— —, ——______

Molal

Cone.

0.74

1.65

2.82

4.38

6.64

7.70

9.15

11,78

14.55

15.69

17.81

19.65

22,92

----------------- Lo”c ---------------

5ob, (F50-HFFj50) A(F50- HFB50)
—.

in ppm — —___

-48.214
-1.418

-49.51[6 -1.648

-51.001 -1.866

-52.962 -2.130

-55.687 -2.450

-56.901 -2.571

-58.495 -2.693

-61,1156
-2.930

-@+.940 -3.182

-65.637 -3.166

-67.761 -3.283

-69.1!16 -3.515

-72.497 -3.538

+ .014 + .035
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TABLE Vl: TABLE OF CHEMICAL SHIFTS AND BULK SUSCEPTIBILITIES

Salt Molality.—

KF 0.17
0.53
1.24
3.28
5.44
8.00

11.47

14.37

Rt)F 0.37
0.78
1.10
1.6g
2.21
2.78
4.10
4.40
4.72
5.38
6.12
6.52
6.91
7.50
8.48
9.96

11.72
14.38

CSF 0.74
1.65
2.82
4.38
6.64
7.11
7.70
9.15
9.87

11.78
12.65
14.55
15.69
17.81
19.65
22..92
26,50

FOR AQdEOUS ALKALI IIETAL FLUORIDE SOLUTIONS

Corrected Chen];cal Shift at Temperature Indicated
Relative to Para-di fluorobenzene at O°C in ppm

volume Magnetic Susceptibility

-’---- O“c .-..--

-6—

1.899
2.046
2,281
2.678

2.809
2.46z
1.860
0.962

2.447
2.682

2.939

3.111

3.966

4.283

4.657

5.180

5.99.2
6.700

2Ld
0.763

0.763
0.779
0.814

0.833
0.869
0.880
0.910

0.762

0.771
0.780

0.804

0.833

0.848

0.857

0.876

0.921

0.931

----- 25°C ------

-6—

1.425
1.564
1.828
1.843

1.658

0.189

1.564
1,781
1.980
2.147
2.422
2.631
3.112

3.321
3.528

3.750

3.981
4.152
4A417

4.837

~.:;;
.

2.573
3.665
5.084
6.7o1
9.034

11.641

14.s60

z1.014

29.061

ZL3_.d
0.760
0.774
0.800

0.8.24
0.850

0.892

0.748

0.763
0.764
0.778
0.788

0,803
0.8.?2

0.835
0.846
0.856

0.867
0.864
0.885
0.897
0.914
0.928

0.75D
0.796

0.777
0. 8EJI
0.905

0.928

0.985

1.042

1.107

in cg5 - emu

------ 500C ------- ---- Ioo”c . -----

-6—

0.860
0.986

1.216
1.178

1.061

-0.304

0.836

1.219
1.465

1.909
2.414

2.939

3.320

3.596
3.920

4.353
4.867
5.656

2.019
3.294
4,684
6.563
9.188

10.364
11.920

14.806

16.211
18.974
21.000
22.582
2.5,657

6
x x 10 -6— =x 106

0.730
0.7L}6
0.780
0.810

0.832

0.871

0.742

0.770
0.772

0.795
0.813

0.814

0.826

0.839
0,846
0.866
0,885
0,904

0.739
0.764

0.797
0.836
0.884

0,902
0.92”0

0.956

0.994
0.991
1.009
1@+4

1,047

-0;874 -0.719
-0.811 0.722
-0.736 0.743
-1,034 0.786
-1.119 0.805
-1.813 0.845
-2.371 0.839



DISCUSSION——

For a given magnetic field strength the resonance frequency of a

nucleus is dependent on its immediate electronic and nuclear environment.

Small changes in this environment cause a resonance frequency shift. Thus ,

th~: study of chemical shifts of ions and water in aqueous electrolyte solu-

tions as a function of concentration and temperature should yield a great

deal of information about the structure of the solution.
13,14,15

Labile Equilibrium

In almost all aqueous solution studies and in this research, only one——

peak appears in the resonance spectra of the protons or ions. The resoi~-

ancc of frequency of this peak is a function of concentration and tempera-

ture. For protons (or

(or ions) are in exact

are exchanging rapidly

ions) this occurs only if (a) all the protons

y the same state or (b) if the protons (or ions)

between several states while maintaining an equili-

brium distribution among the states (labile equilibr

that the protons (or ions) are all in the same state

motion of the molecules in solution causes the immed

one nucleus to be different from another. One must,

labile equilibrium approach to explain the resonance

electrolyte solutions exhibiting only cjne peak.

The chemical shift of

the protons in the various

average distribution funct

urn) . It is unl

brcausc therms

ate environment

kely

of

therefore, use a

spectra of aqueous

the single pe~k is then the average shift of

states, This shift is related to the time

on foi- the numbci- of nuclei in each state:



23.

(11)

In equation (11) 6 is the observed shift, bi is the chemical shift of

state i , n. is the number of nuclei in state i
I

, and n is the total

number of nuclei.

In pa[-titular, the fluor

change in nuclear position i-e

constitutes a different state.

ercnt states. Each

or water molecules

extremely lal-ge and,

consequently, the chemical shift is very difficult to interpret in terms of

de ion exists in many clif”

ative to neighboring ions

The number of states is

the ni and 6. .
I

The labile equilibrium approach is made tractable by assuming that

most of the states can be grouped into a few clas~es. Each class contains

those states whose chemical shifts differ from the average chemical shift

of the class by a small amount compared to the difference in average shifts

between classes. The changes in shifts as a function of concentratio~] and

temperature are thus due to changes in the equilibrium distribw

among the classes. This simplified approach has been used with

of success to interpret the proton chemical shifts of aqueous e

13,14,15,16,17
solutions.

How fast must

one peak to appear

made by considering

ion of ions

some degree

ectrolyte

he nuclei exchange between the several states for only

n the spectrum? An order of magnitude estimate can be

the condition for coalescence of two nrnr peaks into

one. If the chemical shift difference between the two peaks (~lasses),

6,
-6

is 2xI0 and the frequency of the nmr spectrometer, v , is 56.4 MIIz,
o

then the residence

be less than that g

ime, 7 , of a given nuc!eus in one of the classes must

12,13
ven by

(12)2Tvo6Tssl.
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-4
Thus , ‘r s 1.44X1O seconds from the numbers given above.

Motivations for This Investigation..— —. —

The next logical step in the l~bile equilibrium approach is to identify

each class with a defin(te molecular species. For example, when explaining

the chemical shift of the single peak appearing in the proton nmr spectrum

of pure water as a function of temperature, onc assumes that classes of

states are identifiable respectively with water molecules having no hydro-

gen bonds, one hydrogen bond, two hydrogen bonds, etc. The relative numbers

of these species comprise the equil ibrium distribution.

Another way of treating the equilibrium distribution is to consider

the classical equilibria between the assigned molecular species, One can

then consider equilibrium constants in addition to the number of moles of

each species.

In these terms the following questions concerning aqueous alkali metal

fIuoride solutions arise:

quest

funct

I

I

I

1)

2)

3)

4)

5)

What are the species present in solution?

What are the relative numbers of each of these species,

and how do these numbers change with concentration ai;d
temperature?

What equilibria are involved? What are the equilibrium

constants?

What are the cnergetics of the reactions controlling the

equilibria?

What are the chemical shifts of each of these species?

Do these shifts change as a function of temperature?

he intention of this investigation is to attempt to answer these

19
ons by measuring the F chemical shift of KF , RbF , and CsF as a

on of concentration and temperature; and to explain the shifts using

a labile equilibrium apprcach,
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Trends of the Data

When considering the trends in the data, it is well to recall that

positive chelmical shifts are high field shifts, representing an increase

in magnetic shielding. Downfield shifts are negative.

The chemical shift data, plotted in FigLlrCS 2 through 5, must be con-

sidered in terms of probable “species’], because the single line that appears

in the F’g spectrum of the fluor

of a labile equilibrium theory.

moving downfield from the infini

de ion in these so!utions dictates the use

All the curves arc non-linear, the shifts

c dilution values with increasing concen-

tration. For RbF and CSF , the F
19

shifts continue downfield aIIcl be-

come more 1 inear as the concentration increases; however, for KF the F

shift reaches a minimum and at high concentrations exhibits a more posit

9

Ve

shift than at infinite dilution. The minimum is apparent at all tempera-

tures. In order to explain the minimum within the framework of a iabilc

equilibrium theory at least three species must be considered.

The aqueous salt species predominating in the dilute solutions will be

designated the D-species. AS the concentration increases an intermediate

species (l-species) appears in increasing number. In more concentrated

solutions a thircl structure, the C-species, is postulated.

Figure 5 shows that the infinite dilution chemical shifts are the same

for all three salt~. Other investigators of ion resonances in aqueous

solutions have observed simi

Hence, the D-species must be

Isolation is conlplcte enough

18,19
nfinite dilutiGns intersections.

isolated aqueous (hydrated) fluoride ion.

nfinit~ dilution to ntgate cation effects.

ar

the

at

Furthermore, the dependence of the intersection on tempcrat’ure repl-escnts

the temperature dependence of the chemical shift of the isolated hyclratcd

fluoride iGn.
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The downfield trend of the curve~ at low concentrations indicates

that the l-species is less shielded than the D-species for all

observed. The minimum and recurve in the KF data imply that

is more shielded than the D-species. The continuing downfield

average chemical shift of the RbF and CSF solutions do not

allow us to determine the shift of the C-species. Most likely

three salts

the C-species

trends of the

unequivocal Iy

the C-species

has a more positive shift than the l-species, but more negative than the

D-spcc.ies. It is highly unlikely that the alternative is true; namely,

that the shift of the C-species is more positive than the D-species, but

not presen

Notab

concentrate

the labile

in sufficient number to cause the trend to turn upfield.

y, for any given salt, the same general shape of the shift-

on curves persists at all temperatures. This is consistent with

equil ibrium approach. Here, the chemical shifts of the individual

species account for the gross displacements of the curves with temperature

and the ch~nges in the relative proportions of the individual species account

for the slight changes in curvatu]-e. What is surprising is that the chemical

shift is an approximately 1 inear function of temperature at any given con-

centration; for example, see Figure 3.

As noted, there is no cation effect at infinite dilution. The magnitude

of the negative

order K > Rb >

the same order.

Curve Fitt’in~

Inspection

shift of the observed signal increases thereafter in the

Cs , and the total range of the observed shift increa~es in

of the observed chemical shift data indicates a relatively

simple dependence on molal ity; perheps a second or third degree function.

To determine this function more precisely the c[lrves were analyzed by means

of a polynomial least-squdt-es scheme.
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The best curve determined visua

points. Values of the chemical shif

curve at 1/2 molal intervals. These

ly was drawn through the experimental

and molality were read from the

values were used as input for a poly-

nomial least-squares scheme programmed for an IBM 36o conlputcr.

Table VII lists values of the standard unbiased error calculated by

computer for the polynomial of maximum degree indicated. The standard un-

biased error, S , is given by

s=:

with

.(NP)

1
1/2

~ (bi-Ti)z
i=l

D
(13)

D = [(NP) - (MAXD)] + 1 (11,)

where NP is the number of points fitted with polynomial of maximum degree

MAXD, bi is the measured va

and % is the chemical shif
I

which S is being evaluated.

uc of the chemical shift at molality, mi >

at m. calculated using the polynomial for
I

For example, the standard unbiased error is

0.011 ppm for the polynomial of maximum degree 4 fitted to the chemical

shift data of KF at 50°C.

The experimental error in the observed chemical shifts is : 0.05 ppm

for KF and RbF and ~ 0.09 ppm for CSF. Thus a polynomial of at least

second degree is necessary to fit the data within experimental error. At

this pdint one is cautioned not to conclude that the experimental curves

are truly second degree in nature. it is only evident that the accuracy

of the observed chemical shift does not warrant using polynomials of

higher degree.
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Fitted
Data

KF O°C

25

50

100

RbF O°C

25

50

C5F 25°C

50

TABLE Vll: VALUES OF THE MEAN UNBIASED ERROR, S ,

TABULATED IN PPM

-------- Maximum Degree of Polynomial Used for the Fit ----------

g

0.550

0.510

0.530

0.540

1.340

1.390

1.480

6.280

6.580

J

0.460

0.330

0.280

0.240

0.170

0.110

0.130

0.140

0.240

~

0.190

0.025

0.021

0.020

0.078

0.049

0.047

0.120

0.140

2

o.I8o

0.005

0.010

0.008

0.019

0.016

0.008

0.078

0.086

~

0.180

0.005

0.011

0.002

0.012

0.009

0.008

0.046

0.055

j

0.180

0.005

0.009

0.003

0.012

0.010

0.004

0.030

0.030

j

0.180

0.004

0.010

0.004

0.010

0.013

0.005

0.108

0.110

I



33.

(Is)

To second degree then

6 = a i-am +a2m2
o 1

The coefficients in equation (15) are listed in Table Vlll.

TABLE Vlll: COEFFICIENTS OF EQUATION (15)

()

&m

()

ppm

Fitted Data a. (ppm) al
mole a2 [mole]2

KF O°C -1.843 -0.284 +0.024

25 -1.361 -0.191 +0.0193

50 -0.763 -0.126 +0.0158

100 +0.912 -0.090 +0.0138

RbF O°C -2,201 -0.434 +0.00904

25 -1.486 -0.40.2 +0.00599

50 -0.744 -0.434 +0.00678

CSF 25°c -1.665 -1.132 +0.00300

50 -1.061 -1.261 +0.00756

The Physical Model

The physical model is discussed below w

potassium fluoricle. Indeed,.the chemical sh

complicated of all the salts studied in this

proposed is successful in explaining the KF

th particu

ft curve o-

invcstigat

ar reference to

KF is the most

on. If the model

shift data, it is reasonable

to expect that the same model, or a simpler modification thereof, should

explain the RbF and CSF data.
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In very dilute solutions there are extensive regions of normal water

interspersed with ion sites. The ions are isolated from one another but

solvated to water molecules. Estimates of the total hydration of the two

ions (or of the hydration of the individual ions) vary widely
14

because

they depend on the experimental procedures involved, the definitions of

hydration number used, the choice of the ion used to divide total hydration

numbers into individual ion hydration numbers. A total hydration number of

four was chosen for KF . This choice is justified below. The hydrated

ions in this situation comprise the D-species.

For the l-species we postulate a potassium-water-fluoride aquo- ion

pair. In the aquo- ion pair one water molecule is shared by both ions.

Several possible structures exist:

H20 . . . .

(}120 )2....

Since the individual ion

H

I

K+ . . .. O–H . . . .

H

1

K+ . . .. O–H . . . .

H

I

K+ . . ..O–H . . . .

hydration numbers

F- . . ..H20

F-

F- . . ..(HO)
22

are not known it is difficult to

decide which of these three structures is the l-species. In any case, the

total hydration number is reduced to 3 , whereas J total of four water- ion

boncls still exists as in the D-species. The aquo-ion pair constitutes a

convenient transition structure for the formation of the C-species from

the D-species. The C-species, we postulate, consists of many potassium

ions, fluoride ions, and water molecules mLltually bonded with a ratio of

of two water molecules to one potassi um-ion-fluor ide-ion pair. It is
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possible that four water-

short-range order of th,is

that of KF”2t120 , the sol

on bonds

large “f

d prccip

per KF still exist. The time-average

ic.kering” cluster probably resembles

tating from concentrated solution at low

temperatures. A\ all concentrations, dynamic equilibrium exists between the

D- and l-species and between the 1- and C-spccics.

Several factors influenced the structures postulzlted for the three

species. Nanely, the trends in the chernica

shortage of water molecules in concentt-ated

with short-range order in aqueous electroly

shift data already noted; the

20
solutions; a theory concerned

e solutions; and the phzse dia-

21
gram for the potassium fluoride-water system. These points are discussed

below.

A. Short-Range Order Theory——— . .

The postulate of the theory outlined in Samoilov’s book
20

is that the

short-range order in dilute solutions is primarily that of the solvent

whereas the short--range order in concentrated solutions is primarily that

of the salt precipitating from solution as the temperature is lowered. Also,

at intermediate concentrations, there should be a transition structure

bridging the gap between the two extreme short-range orclers.

B. Phase Dia~ram—— —

The short-range orcler theory implies that some aspects of the structure

of the solution can be inferred from the structure of the sol id phase that

can exist in equilibrium with the solution. (Normally, such interpretation

of the phase diagram is not sound because molecular rearrangements can occur

during crystallization. Ar~ exception occurs when a congruent melting point

appears in the phase diagram for the system).

c. Chemical Shift Data

The formation of the aqu~. ion pair readily explains why the chemical
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shift curves do not approach the zero concentration chemical shift asymp-

totically. Namely, at the lowest concentration for which the
19

F line of
I

the fluoride ion can be observed there arc sufficient l-species present

to influence the average shift. The observed shift would be independent

of concentration in the dilute region if no aquo- ion pairs were present.

I ndced, future experiments with improved instrumentation might reveal that

the observed chemical shift is independent of concentration below 0,5 M.

The presence of the l-species at low concentrations also explains the

cation effect: viz, the deshielding of the fluoride ion within the aquo-

icm pair should increase with increasing charge density on the cation.

This would have the effect of increasing the range of the total shifts and

of the initial downfield shifts in the order Cs+ > Rb+> K+ .

The structure of crystalline KF02H20 is orthohombic.
23

If this

highly symmetrical structure persists in solution as the C-species, it is

expected that the fluoride ion in this situation would be more shielded

than the fluoride ion in the D-species. Hence, the C-species would have

a more positive shift than the D-species as required by the minimum in the

KF curve .

Mathematical Development

The three species proposed exist in mutual equilibrium. In light of

the previous discussion the D-species can be represented by

K+(H20)X + F-(H20)Y xl-y=4 ,

the l-species by KFJ3H20, and the C-species by KF.2H20 . The equilibria

between these species are:

I

I

I



‘D

K+(H20)X + F-( H20) # KFa3H20 + H20 x+y=4
Y

with
‘Imw

‘D=2

‘D

K
c

and KF”3H20 e KF”2H20 -I-H20

m m

with Kc = ‘w

‘i

(16)

(17)

The chemical symbols m , nll , mD and m
w c

appearing in equations (16)

and (17) are the equilibrium modalities of free (unbound) water, species 1,

D and C, respectively. Throughout this development the words molality and

moles will be used interchangeably. Thus,—— it is to be understood that

moles means the number of moles per 55.50 moles Of water. There are two

restrictions on the modalities in equations (16) and (17), namely,

m = ,n + m +m
Dlc

and

m=a- 4mD - 3ml - 2mc ,
w

(18)

(19)

where a = 55.5o , the number of moles in 1000 gm of water, and m is the

stoichiometric molality of I$F .

In these terms the average chemical sl~ift of the fluoride ion is

(20)

37.
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or, after substitution of equation (8),

(21)

To relate equation (21) to the experimental shift data, equations (16)

m m

through (19) must be solved for ~ and ~c as a function of m . To pro-

ceed, equations (18) and (19) are substituted in equations (16) and (17),

yielding

These two coupled

form, However, a

‘1
m

-—
m

and ~ as a

ml(a - 4m+ ml + 2mc)

‘D =
(m - ml ,- mc)2 ‘–

mc(a - 4m + fill + 2mc)

Kc =
m

I

(22)

(23)

‘1 m

equations cannot be solved for –; and ~ in closed

double iteration technique yields uncoupled soll]tions for

function of m that is valid at low concentrations.

First, equations (22) and (23) must be rearranged and expanded in terms of

m ,m
i

, and m
c“

Thus, froim equation (22)

‘1 = ‘D ~(m - ml - mc)2

Ty -4m+2m

1+
‘1 c

a

= >(m- ml - mc)2 (l-@+aZ-, +...) (21+)
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and from equation (23)

m
c—

m

[

ml Kc 11= —— _—
ma -4m+2m

‘1
li--

C

a

‘1=—

[

>(1- U + c12- , “1-, .
m

In both equat

-1

.) “ (25)

ons w =: (ml-4m + 2m=) . The expansion converges for all

concentrations of interest, because w is less than unity for these con-

centrations. The approximation For the dilute region consists of neglect-

ing terms of order higher than zero, on~~ and two in succession;
.

and, at

each step, determining an uncoupled solution that is valid to the order

of approxilnation,

To zero order in the modalities the results are

>=0 ~nd~=o

m m

Keeping terms to first order in the modalities we find

‘1 ‘D
m

(m- 2ml
‘1—. — ‘c)-2mc+2ml~+ml~+ ‘c~

m a
(26)

and

m
ml Kc(,_~

-4m+2m
c . c, . (27)

T ma a

‘1
m

Substituting the zero order approximation for ~ and ~ into equations

(26) and (27) we find
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m
c ‘1 ‘D—~ O and-rn-=:m.

m

Substitution of these values back into equations (26) and (27) completes

the iteration process for the first-order solutions, yielding

m KDKC
c ‘1 ‘D—=—

m
a2mand G-=~m”

(28)

I
Further iteration only produces the solutions expressed in these equations.

Solutions that are valid to second order in mola]ity are obtained by

keeping terms to second order throughout the entire approximate iteration

scheme. These solutions are:

I
m

I

[i

‘D ,
2KD

= m —-
%

a(l+- rn —.-
a ;)-:

1]

and

The accuracy of the experimental data does not warrant extending the

(29)

proxima

polynom

An

that is

ion to higher orders. It should be recalled, that a curve f

al of second degree reproduces the data satisfactorily.

equation for the theoretical chemical shift as a function of

(30)

ap-

tted

molal ity

valid to second order results from the substitution of equations (29)

I

I

and (30) into equation (21); namely,

6 = a. + a,m+ a2m2

!
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where

a . 6D
o

and

‘D

a2’T
I_

KDKC

+—
~2

There are five parameters

(aD- 6,)

(31)

(32)

(33)

(6D , 5, , &c

and only three experimental coefficients

parameter 8D can be calculated without

onc expect’s m. to be small compared to
b

that it can be neglected entirely. Th’

througl-l (33) by setting KLG O . The

shift is then,

6= SD+

L -J

s

, KD , and Kc) in these equations

(obtained from curve fitting). The

ambiguity. In ths dilute region,

‘1
and so small compared to IriD

is expressed in equations (31)

equation for the theoretical chemical

(34)

From this equation the parameters related to the diIute and intermediate

species can be calculated from the experimental data.

In retrospect, equation (34) is valid for low concentrations only. E f-

fectively,the model has been reduced to a two state theory. As stated

earlier, a two state moclcl cannot predict an extremum in the chemical shifts

as a function of concentration.
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Correlation of Theory ~~ith Experinlcnt

Comparison of the coefficients of the molality terms in equation (34)

with the curve-fitted coefficients allows calculation of K
D’61’

and

&D . For example, from Table V

a2
= +0,0193 for KF at 25°c.

II, ao =-1.361,
al

= -0.191, and

Since

L
—= ;(2- KD) ,

al

(35)

(36)

I

I

and

a .
0 6D “

(37)

I
we find, 6 = 71.361 ppm , & =

D I
-3.57 ppm , and KD=4.8 . Table Vlll

presents the coefficients of fitted second degree polynomials for the three

salts studied. The values of 6D , 6 , and K
D’

calculated from these

coefficients at various temperatures} appear in Table IX.

Equation (34) must be changed slightly if it is to apply to RbF and

CSF . That is, for CSF solutions, the hydration number of the D-species

is three (chosen to correspond with the phase diagram 24). In place of

equation (31+)

and in place of equation (35)

2
: (3 - 2KD) .—=.

al

(38)

(39)

I
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Inspection of the phase diagram of RbF
25

reveals that the hydration number

of the D-species can be either three or four; for which either equation (34)

and (35) or equations (38) and (39) apply, respectively. Values of the

parameters calculated for both possible hydration numbers are given in the

Table IX. Errors are estimated at Z5°C.

Range. of Validit~of the Dilute Approximation-—

An upper concentration

approximation of the theoret

‘1
ing equation (29) for ~ .

imit for the validity of the dilute solution

cal chemical shift can bc estimated by extend-

That is, with KC~O , the iteration process

involving only equ~tion 1~} is easily carried to third order. The result is

m
I

KDni
—.. —

[
l+% (2 . KD) . !2 (3K~+KD - 16)

m a ~2 1 (40)

For potassium fluoride at 25°C the third term inside the brackets of

equation (1/0) is approximately 211% and 10% of the sum of the first two terms

at 3m and 2m , respectively. Thus it is expected that calculated values

‘1
of ~ are reliable within 25% at 3 molal. The reliability is probably

better than 25%, bccausr the higher order terms that were neglected in ar-

riving at equation (~kO) have a canceling effect on the last term inside the

bracket-s. of Collrse, this estimate does not take into account any errors

introduced by setting K~O.

Verification of the Theory

The experimental data and the theory (both the physical model and

mathematical structure) are internally consistent. Using the theory one

can successfully explain the qualitative features of the chemical shift

curves within the estimated region of validity (i.e., below 3 rnolal). Fur-

ther independent verifications of the theory are necessary. First, the

I

I

I

I

I
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results of this work w

of KF , which will be

for KF will be calcu

11 be applied to predict partial molar heat content

compared to experimental results. Secondly, KD

ated from 39 K nmr shifts.

A. Partial Molar Heat Content

Table IX contains values of the equilibrium constants ‘D
as a func-

tion of temperature. In Figure 6 the natural logarithm of
‘D

is plotted

against l/T for each salt. The slopes of such plots are related to the

heat of the labile equilibrium reaction, AHD . That is, the slope equals

HAHD/R . For KF , wc find AHD= 706 cal/mole. For RbF the errors are

large and we find AHD to be somewhere between O to -~}00 cal/mole when

the hycli-ation nurnbcr of the D-species is 4. In the case

errors are too large for estimating AHD .

These heats of reaction are related to the changes

heat content of the solute in binary aqueous metal fluor

total heat content of such a solution can be written as

— —

H = ‘lHl + ‘2H2 ‘

n the p,artial molar

de solutions. The

(41)

where
‘1

and

heat content of

ber of moles of

—
1. , both functions of n, and no , are the partial molar

L I L

the solvent and solute respectively. The n’s are the num-

each substance. Within the framework of the dilute solution

approximation, the solute is composed of the D- and l-species. For a solu-

tion composed of m moles of solute and 55.5 moles of water,

m; = (nwml)HD + mlil, .
2

or

~2 = HD + ;- (Hl - HD) ,

(42)

(43)
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where
‘1

and
‘D

are independent of molal ity.

Thus the change in partial molar heat content of the solute for a change in

concentration Am is

A~2 =
‘1

(A--)(AHD) (44)

m

where AI-ID = (Hi - HD) . In the second column of Table X values of -#

are listed, These values are calculated using equation (29) after setting

Kc = O , and KD = 4.8 as found for KF at 25°C,. In column 3 the values

‘1
of -~ , listed in column 2, are multiplied by AHD for KF , 706 cal/mole.

The fourth columr] contains the differences,
‘1

(A~)(~H~) between sticcessive

values of the third column. The partial molar heat content, ~2 , as given

by Harried and Owen
26

are listed in column 5. Values for A~2 , shown in

column 6, are gotten by taking differences between successive values of the

fifth column. By comparing columns 4 and 6 it is clear that the theory

adequately predicts changes in the partial molar heat content of KF over

the concentration range which the theory is expected to be valid. Data

for the partial molar heat content of RbF ancl CSF is not available for

compar i son. Indeed, even if such data were available, the estimates of

AH~ are too crude for these compounds to allow meaningful comparison.

B. Potass~um Resonance Data

Deverell and Richards
19

have measured the cation resonance in several

different alkali metal halide solutions at 25°C including potassium fluoride,

but not cesium or rubidium fluoride. Their chemical shift data, measured by

varying the freqLlcncY of the nmr spectrometer at a fixed magnetic field of

12,500 gauss, were publ i shed in graphical fot-m. The shifts were uncorrected

for bulk magnetic susceptibility effects. Before using this data we first
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changcxi the sign of the shifts since a shift to higher frequency corresponds

to a decrease in shielding when a fixed field-variable frequency technique

is used. hle then curve fitted to second ciegrec the
39K chemical shift of

KF solutions. A value of KD =

the curve fitting. Agrecrncnt wi

is quite good considering the re

Deverell and Richards.
19

2,5 was obtained from the coefficients of

h KD
19

calculated from the F shifts, ~1.8,

ativc crudeness of the graphical data of



I

50.

CONCLUSIONS—

It is apparent that the physical mode proposcci and the mathematical

theory based thereon adequately explains the observed chemical shifts for

dilute and moderately concentrated solutions. A mathematical solution

could not be developed when the concentrated solution species WEIS included.

For KF solutions, the agreement between published heat data and pre-

dicted heat changes is remarkable. Further verification of the theory is

afforded by the good agreement between the values of K
D

calculated from

data obtained in this research and the potassium resonance shifts of

Deverell and Richards,
19

viz. 4.8 and 2.5, respectively. The uncertain

values of the heat of reaction calculated for rubidium and cesium fluoride

and the lack of compatible data involving the physical properties of

aqueous solutions of these salts do not allow further verification of the

model .

I

I

I

I

I
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SUGGESTIONS FOR FUTURE ‘JORK—. .——.

The remarkable success of the theory as applied to potassium fluoriclc

solutions provides a guide to future experimentation. Many compounds are

likely choices for such experirnents$ but preference is given to those that

form stable crystalline hydrates (in order to allow one to determine the

short-range order in the C-species). These electrolytes should have a

nucleus with non--zero spin.

The extensive work of Barrington
18

et. al. concerning the chemical

shift of the fluoride ion in mixcci solvents can be extended to elevated

temperatures. These experiments should yield information concerning the

nature of the hydration of the D- and l-species. Experiments involving

cation, anion effects, and mixed salt effects should

about the aquo- ion pair that comprises the l-species,

this type have already

suited for interpretat’

Furthermore, with

shift of the solutions

been perfot-med,
18,19

but are

yield information

Many experiments of

ncomplcte and not

developed hereon in the light of the theory

all of the experiments mentioned, the proton

concerned should be measured concurrently.

15,27 ~harecently been shown

determined from such data.

solutions confirm the choice

the D- and

hydration numbers in dilute so’

n fact, the proton chemical s.hi-

of 4 ancl 3 for the total hydrat

-species, respectively.

utions

ts in

n.

chemical

t has

can be

KF

on numbers of
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